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ELECTROCHEMICAL CELL CONTAINING A
GRAPHENE COATED ELECTRODE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage Entry under 35 U.S.C.
§ 371 of PCT Application No. PCT/US2014/062392, filed

on Oct. 27, 2014, which claims the benefit of U.S. Appli-
cation No. 61/895,639, filed Oct. 25, 2013, both of which are
incorporated herein by reference 1n their entireties.

GOVERNMENT GRANT SUPPORT CLAUSE

This invention was made with Government support under
Grant Award No. W9132T-09-1-0001 awarded by the U.S.
Army Construction Engineering Research Laboratory,
Department of Defense. The Government has certain rights
in this mvention.

FIELD OF THE INVENTION

The present mnvention 1s directed to electrochemical cells
for electrochemical processes, and more particularly, to
clectrodes having a graphene coating.

BACKGROUND OF THE INVENTION

Electrodes are used 1n many applications and processes
including, but not limited to, sensor applications, fuel cell
applications, electrolyzer applications, electrosynthesis
applications, battery applications, and hydrolysis processes,
for example. However, many electrodes are hampered by
surface blockage of the catalyst as well as transport of the
chemical species to the active catalytic surface. Ideally, high
concentration of reactants at the catalyst surface 1s desired
with fast concomitant removal of the products. Additionally,
corrosion 1s another common problem encountered 1n many
applications. Accordingly, improved electrodes are needed.

SUMMARY OF THE INVENTION

The present 1nvention 1s premised on the realization that
a graphene coating can be applied to active catalyst mate-
rials to provide an unexpectedly eflicient and robust elec-
trode, which 1s also more resistant to corrosion. More
particularly, the present imnvention i1s premised on the real-
ization that a graphene coating deposited on active catalyst
materials causes a significant increase 1n the electrochemaical
rates of an indirect or catalyst regeneration (EC') type
mechanism type reaction, and improves corrosion resistance
even under mild alkaline pH environments.

In accordance with an embodiment of the present inven-
tion, an electrochemical cell 1s provided, the cell includes a
first electrode comprising a layer of an active catalyst
maternal, and graphene coating at least partially covering the
layer of the active catalyst material; a second electrode
comprising a conductor; an electrolyte medium in electro-
lytic communication with the first and second electrodes; a
chemical substance capable of undergoing an electrochemi-
cal reaction; and a voltage source 1n electrolytic communi-
cation with the first and second electrodes.

In accordance with another embodiment of the present
invention, a method of making the first electrode of the
clectrochemical cell 1s provided. The method 1ncludes pre-
paring a graphene coating; and covering at least a portion of
the active catalyst material with the graphene coating. The
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graphene coating may be prepared by heating electrolyzed
coal to a temperature eflective to form graphite 1n the
presence of a flowing stream of reductant gas, wherein the
stream of reductant gas deposits graphene onto a surface of
a copper substrate, which 1s followed by dissolving the
copper substrate.

In accordance with another embodiment of the present
invention, a method for producing ammonia by an electro-
lytic hydrolysis of urea 1s provided. The method includes,
applying a voltage diflerence to an electrolytic cell com-
prising: a first electrode comprising a layer of an active
catalyst material, and graphene coating at least partially
covering the layer of the active catalyst material; a second
clectrode comprising a conductor; an electrolyte medium 1n
clectrolytic communication with the first and second elec-
trodes; urea; and a voltage source 1n electrolytic communi-
cation with the first and second electrodes. The voltage
difference 1s applied across the first and second electrodes
and 1s suflicient to eflect the electrolytic hydrolysis of urea
to produce ammonia.

In accordance with yet another embodiment, an electrode
1s provided that includes a layer of an active catalyst
maternal, and a graphene coating at least partially covering
the layer of the active catalyst material.

The objects and advantages of the present invention will
be further appreciated in light of the following detailed
description and examples 1n which:

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated 1n
and constitute a part of this specification, 1llustrate embodi-
ments of the mvention and, together with the general
description of the invention given above, and the detailed
description given below, serve to describe the ivention.

FIG. 1 1s a diagrammatical view of a simplified electro-
chemical cell showing a graphene coated electrode, 1n
accordance with an embodiment of the present invention.

FIG. 1A 1s an enlarged view of the m-circle portion 1A of
the graphene coated electrode shown 1n FIG. 1, showing in
cross-section the coating material, in accordance with
another embodiment of the present invention.

FIG. 2 1s a diagrammatic depiction of an exemplary
apparatus for growing a graphene film that i1s suitable for
making a graphene coated electrode, in accordance with an
embodiment of the present invention.

FIG. 3 1s a schematic showing a graphene synthesis
procedure, which utilizes the apparatus shown in FIG. 2, in
accordance with an embodiment of the present invention.

FIG. 4A shows the voltammogram of Ni1-Gr and Ni disk
clectrodes obtaimned n 1 M and 5 M KOH solution.

FIG. 4B shows the variation 1n the charge associated with
the anodic N1iOOH peak with various concentrations of
KOH using the Ni1-Gr and N1 disk electrodes.

FIG. 4C shows a comparison of the voltammogram of
Ni1-Gr and bare N1 disk electrodes obtained 1n 2 M KOH and
5> M KOH solution.

FIG. SA shows the cyclic voltammogram of Ni-Gr and N1
disk electrodes obtained 1n 0.1 M and 1 M K,CO,.

FIG. 5B shows the voltammogram obtained on Ni disk
and Ni-Gr electrodes in 1 M and 0.5 M K,CO, solution,
respectively.

FIG. 6 A shows the voltammogram obtained on Ni disk
and Ni1-Gr electrodes 1 0.5 M methanol 1n a 5 M KOH

solution.
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FIG. 6B shows the voltammogram obtained on N1 disk
and Ni1-Gr electrodes 1n 0.5 M methanol m a 2 M KOH

solution.

FI1G. 7 shows a comparison of cyclic voltammetry results
in a 5SM KOH solution using: (1) a graphene-coated glassy
clectrode (without nickel); (2) a graphene-coated nickel
plated glassy electrode; and (3) a nickel plated glassy
clectrode (without graphene).

FIG. 8 shows a comparison of cyclic voltammetry results
in a 0.5M urea and 5M KOH solution using: (1) a graphene
coated glassy electrode (without nickel), (2) a mickel plated
glassy electrode (without graphene), and (3) a graphene-
coated nickel plated glassy electrode.

FIG. 9 shows a comparison of potentiostatic data col-
lected using: (1) a nickel plated glassy electrode 1n 5M
KOH; (2) a graphene-coated, nickel plated glassy electrode
in SM KOH; (3) a nickel plated glassy electrode in 5M KOH

and 0.5M urea; and (4) a graphene-coated nickel plated
glassy electrode in 5SM KOH and 0.5M urea.

FIG. 10 shows the results of electrochemical impedance
spectroscopy comparing: (1) a graphene-coated nickel
plated glassy electrode; and (2) a nickel plated glassy
clectrode.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

Unless clearly defined otherwise from the context, any
range of values presented 1n the following Detailed Descrip-
tion and Claims includes each end point as well as each
whole number or fractional part thereof, within the recited
range. Additionally, approximating language may be applied
to modily any quantitative representation that may vary
without resulting in a change in the basic function to which
it 1s related. Accordingly, a value modified by a term or
terms, such as “about” and “substantially,” may not be
limited to the precise value specified. By way of example, a
range from “about 0.1 nm to about 50 nm,” includes for
example, 0.1 nm, 0.2 nm, 0.5 nm, 3 nm, 3.14 nm, 49.999 nm,
50 nm, etc., and may include values slightly below 0.1 nm
and slightly above 50 nm.

In accordance with an embodiment of the present inven-
tion and 1n reference to FIG. 1, an electrochemical cell 10 1s
provided that includes a first electrode 13, a second electrode
15, an electrolyte medium 17 1n electrolytic communication
with the first and second electrodes 13, 15; a chemical
substance capable of undergoing an electrochemical reac-
tion; and a voltage source 19 1n electrolytic commumnication
with the first and second electrodes. The first and second
clectrodes 13, 15 may be physically separated by a separator
18. In a batch-type arrangement shown i FIG. 1, the
clectrolyte medium 17 may be stirred to facilitate mass
transter. It will be readily apparent to one of ordinary skaill
in the art that the above cell 10 1s readily adaptable to a
continuous flow cell configuration, semi-continuous, and
with recirculation of the electrolyte medium 17.

In accordance with embodiments of the present invention
and as shown 1 FIG. 1A, the first electrode 13 includes a
layer of an active catalyst material 25, and graphene coating
277 at least partially covering the layer of the active catalyst
material. The active catalyst materials 25 are not particularly
limited and may be utilized 1n a wide range of applications
and processes. For example, the active catalyst materials 235
include, but are not limited to, catalysts suitable for oxidiz-
ing organic materials such as alcohols, amines, ammonia,
and urea, for example. Exemplary active catalyst materials
235 and their respective applications include those described
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in U.S. Pat. Nos. 7,485,211; 7,803,264; 8,029,739; 8,216,
437, 8,216,956; 8,221,610; 8,303,781; 8,388,920; 8,486,
256; and 8,562,929; and U.S. Patent Application Publication
Nos. 2013/0037424; 2012/0325682; 2012/0024719; 2011/
0315605; 2011/0302909; 2011/0243823; 2010/0252422;
2010/0247420; 2010/0032320; 2009/0145730; 2009/
0127094; 2009/0095636; 2009/00813500; 2009/0050489;
2008/0318097;, 2008/0314755; 2005/0211569, each of
which 1s incorporated by reference herein 1n 1ts entirety. The
active catalyst materials 25 include, but are not limited to,
platinum, iridium, rhodium, rubidium, ruthenmium, rhenium,
palladium, gold, silver, nickel, iron, cobalt, copper, zinc,
chromium, tantalum, gallium, cadmium, indium, thallium,
tin, lead, bismuth, silver, mercury, miobium, vanadium,
manganese, aluminum, arsenic, selenium, antimony, tita-
nium, tungsten, Raney metal, carbon steel, stainless steel,
graphite, and mixtures and alloys thereof. In one embodi-
ment, the active catalyst material 25 comprises nickel and/or
nickel oxyhydroxide. In another embodiment, the active
catalyst material 25 comprises nickel, manganese, cobalt, or
zinc, or combinations thereof. In another embodiment, the
active catalyst material 25 comprises a metal oxyhydroxide.

The first electrode 13 may further include a support
material (not shown) onto to which the active catalyst
material 25 1s deposited. The support material may 1itself be
electrically conducting or integrated with a conducting com-
ponent. The support material for the active catalyst material
1s not particularly limited and may be chosen from many
known supports, including, but not limited to foils, meshes,
sponges, and beads, for example. For example, the support
materials may include, but are not limited to, noble metal
meshes and foils, such as platinum mesh, platinum foil, gold
mesh, gold foil, tantalum mesh, tantalum foil, as well as
platinum or iridium sponges, a carbon support integrated
with a conductive metal, nickel foils, titamium foils, graph-
ite, carbon fibers, carbon paper, glassy carbon, carbon nano-
fibers, and carbon nanotubes. Aside from these speciiic
support materials listed, other suitable supports will be
recognized by those of ordinary skill in the art.

In accordance with embodiments of the present invention,
the active catalyst materials 25 may be deposited on the
support material to cover at least a portion of a surface of the
support matenal. The active catalyst material 25 may be at
least partially deposited on a surface of the support material
by commonly used methods such as, but not limited to,
clectrodeposition, chemical vapor deposition (CVD), atomic
layer deposition, electrospray, electroless deposition, or
combinations thereof. It should be appreciated that the
support material itself may be constructed entirely of the
active catalyst material. Thus, a layer of an active catalyst
material 25 on the support material can include a unitary
construction embodiment, such as for example a nickel disk,
even 1f the active catalyst material 25 1s not specifically
deposited on the support material by a separate process.

The structure of the first electrode 13 is not particularly
limited to any specific shape or form. For example, the first
clectrode 13 may be formed as foil, wire, gauze, bead, or
combinations thereof.

The graphene coating 27 on the layer of the active catalyst
material 25 may be applied using standard methods. For
example, a graphene layer may be prepared on a copper

substrate 1n accordance with a method described in Patent
Cooperation Treaty Published Application W0O2013/154997

and U.S. Provisional Patent Application No. 61/621,625,
cach of which 1s incorporated herein by reference in 1ts
entirety, lifted from the copper substrate, and then applied to
the active catalyst material 25. In an embodiment, the
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graphene {ilm may be grown by chemical vapor deposition
of electrolyzed coal onto a copper substrate. The electrolysis
of coal and other carbon-based products such as charcoal
lignites or graphite, 1s further described in U.S. Pat. No.
7,736,473, the disclosure of which 1s incorporated herein by
reference.

The graphene coating 27 may be present 1n an eflective
thickness to protect the active catalyst material 25 and
inhibit the active catalyst material 25 from degradation
induced by one or more constituents in the working medium.
For example, some active catalyst materials may be reactive
with acidic media or basic media, but the graphene layer 27
may impart chemical and physical stability to the active
catalyst material 25 1n the acidic, caustic, or neutral media.

In accordance with an embodiment, the graphene coating,
2’7 may be one graphene layer thick. In another embodiment,
the graphene coating 27 may be comprised of multiple
graphene layers. For example, the graphene coating 27 may
comprise 1, 2, 3, 4, or 5 or more, graphene layers. Accord-
ingly, the graphene coating 27 may be comprised of 1 to
about 5 layers of graphene. Alternatively, the graphene
coating may be comprised of about 3 to about 5 layers of
graphene. Thus, “few layer graphene sheets™ as used herein
may be comprised of about 2 to about 5 layers of graphene.
Accordingly, the graphene coating may have a thickness
from about 0.1 nm to about 50 nm, or about 0.2 nm to about
25 nm, or about 1 nm to about 10 nm, or about 2 nm to about
5 nm, for example.

In one embodiment, the graphene coating 27 1s present in
an eflective amount to inhibit the active catalyst material
from adsorbing carbon monoxide. For example, i one
example, an electrode comprising a glassy carbon substrate
having an active catalyst material comprising nickel at least
partially deposited thereon, and having a layer of graphene
at least partially covering the active catalyst material did not
absorb carbon monoxide. Despite the expectation that coat-
ing the active catalyst material 235 with the graphene coating
27 would render the catalyst inactive, the electrode con-
structed 1n accordance with foregoing provided an unex-
pected and significant increase 1n performance, as well as
resistance to corrosion.

The second electrode 15 comprising a conductor 1s not
particularly limited and may be selected from electrodes
known 1n the art. For instance, the second electrode 15 may
comprise, but 1s not limited to, platinum, palladium, carbon,
rhenium, mickel, Raney Nickel, iridium, vanadium, cobalt,
iron, ruthenium, molybdenum, or combinations thereof. It 1s
within the purview of one of ordinary skill 1n the art to select
the appropriate second electrode in view of the parameters
of the particular application for which the iventive system
1s used. In an embodiment, the second electrode 15 may also
include an active catalyst material and/or a graphene coat-
ing, as described above.

The electrolyte medium 17 can be aqueous or non aque-
ous and acidic, basic, or pH-neutral. In an embodiment, the
clectrolyte medium 17 comprises organic solvents or 1onic
liquids. In another embodiment, the electrolyte medium 17
1s an aqueous, basic electrolyte solution. For example, an
aqueous, basic electrolyte solution may comprise a hydrox-
ide salt (e.g., KOH, NaOH), a carbonate salt (e.g., K,COs;,
Na,CO,), a bicarbonate salt (e.g., KHCO,, NaHCO,), or
combinations thereof.

The electrolyte medium 17 may have a hydroxide con-
centration of less than 0.1 M. For example, the pH of the
clectrolyte medium 17 may be in a range from about 10 to
about 7. Alternatively, the electrolyte medium 17 may have
a hydroxide concentration of about 0.1 M to about 5 M. In
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another embodiment, the electrolyte medium 17 1s an aque-
ous, pH-neutral electrolyte solution. In yet another embodi-
ment, the electrolyte medium 17 1s an aqueous, acidic
clectrolyte solution.

In accordance with another embodiment, the electrolyte
medium 17 includes a gel, such as a solid polymer electro-
lyte. Suitable gels include, but are not limited to, those
containing polyacrylic acid, polyacrylates, polymethacry-
lates, polyacrylamides and similar polymers and copoly-
mers.

The electrolytic gel may be prepared using any suitable
method. One method includes forming a polymer and then
injecting a hydroxide, a carbonate or a bicarbonate salt
clectrolyte into the polymer to form a polymeric mixture. In
another method, the monomer may be polymerized in the
presence of a hydroxide, a carbonate, or bicarbonate salt
clectrolyte.

The separator 18 compartmentalizes the first and second
clectrodes. Separators should be constructed from materials
chemically resistant to the electrolyte medium 17. Many
polymers are suitable for constructing separators, such as
Tetlon® and polypropylene. Separators are not required for
simple batch-type arrangements, but may be advantageous
for continuous flow electrochemical cells or fuel cells.
Separators may include 1on exchange membranes, solid
clectrolytes or the above electrolytic gels, for example.
Separators may be permeable, semi-permeable or imperme-
able to gases or liquids.

The chemical substance capable of undergoing an elec-
trochemical reaction 1s not particularly limited. For example,
the chemical substance may be, but 1s not limited to,
alcohols such as methanol and ethanol, urea, ammonia,
water, and lignin. In accordance with an embodiment, the
chemical substance comprises urea. One convenient source
of urea 1s diesel exhaust fluid (DEF), commonly referred to
as AdBlue 1n Europe and standardized as I1SO 22241. DEF
1s an aqueous urea solution made with 32.5% high-purity
urea (AUS 32) and 67.5% deilonized water.

Voltage source 19 may be any available source, such as
batteries, fuel cells, power from the grid, and renewable
energy sources, such as a solar cell or a wind-turbine
generator, for example. The voltage source 19 1s 1n electro-
lytic communication with the first and second electrodes 13,
15, and provides a voltage diflerence suflicient to effect the
desired electrochemical reaction on the substrate.

In accordance with an embodiment of the present mnven-
tion, a method of making the the first electrode described
above 1s provided. The method comprises preparing a gra-
phene coating; and covering, at least partially, the active
catalyst material with the graphene coating. As described
above, the graphene coating may be prepared, for example,
via CVD on a substrate, followed by dissolution of that
substrate. For instance, the graphene film may be grown by
CVD on copper toil, followed by dissolution of the copper
fo1l 1n, for example, Marble’s reagent or sulfuric acid. In an
alternative embodiment, a graphene coating can also be
directly grown on the active catalyst material.

With reference to FIG. 2, a diagrammatic depiction of an
apparatus 60 suitable for producing a graphene layer is
provided. As shown, the apparatus 60 includes a reductant
gas source 62, a quartz tube 64, and a vacuum pump 66. The
reductant gas source 62 includes a reductant gas, as well as
an 1nert carrier such as argon. Reductant gas 1s introduced
into the quartz tube 64, which may be heated with a tube
furnace 68, and then transported through the quartz tube 64
under reduced pressure provided by the vacuum pump 66.
The quartz tube 64 contains a first substrate 70, such as a
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copper foil, which 1s coated with a layer of the electrolyzed
coal product, and a second substrate 74 onto which the
graphene layer will be produced. The second substrate 74 for
supporting nanostructure graphene synthesis may be a cop-
per foil, a silicon wafer, or any other material that can
withstand reaction conditions.

To produce graphene, the first substrate 70 and the second
substrate 74 are inserted into a heating zone 76 of the tube
furnace 68. The graphene 1s then formed onto the second
substrate 74 by flowing the reductant gas and carrier gas
mixture over the first substrate 70 at elevated temperatures.

Higher temperatures facilitate the production of graphene.
At lower temperatures, such as about 400° C., a carbon film
1s produced that 1s not graphene. Accordingly, 1t 1s preferred
to use higher temperatures, at least 490° C. or higher, up to
about 1100° C. Higher temperatures, such as 700° C. to
1000° C. can also be used, and, typically, 800° C. to 1000°

C. will be utilized. These temperatures cause graphite pro-
duction in the presence of the reductant gas. A flowing
stream of reductant gas deposits graphene onto the uncoated
substrate 74.

An exemplary thermal program used for prepare the
graphene layer 1s shown 1n FIG. 3. In zone A, the quartz tube
64 1s evacuated to about 100 mtorr and purged with about
100 sccm hydrogen. In zone B, the heating zone 76 of the
quartz tube 64 1s ramped to about 1050° C. over about 40
minutes. In zone C, the second substrate 74, which may be
copper, 1s annealed 1n the heating zone 76 for about fifteen
minutes. In zone D, the first substrate 70 1s moved into the
heat zone 76 to initiate graphene synthesis. After synthesiz-
ing the graphene layer on the second substrate 74 for the
desired length of time (e.g., about 30 min), the second
substrate 74 1s removed from the heating zone 76, and the
apparatus 60 1s allowed to cool to room temperature, as
represented in zone E.

The graphene layer may then be lifted from the second
substrate 74 by dissolving the second substrate material 1n
an appropriate reagent solution. For example, copper dis-
solves 1 strong acids such as hydrochloric acid. Accord-
ingly, the copper foil with the graphene layer may be
dissolved using Marbles Reagent, thereby lifting the gra-
phene layer from the second substrate 74 to provide a free
layer of graphene. After appropriate washings, the free layer
of graphene may be applied or lifted to the active catalyst
material 25 to provide the graphene coating 27 to the first
clectrode 13.

Coating the active catalyst material 25 with the graphene
coating 27 can be eflected by immersing the active catalyst
material 235 1n a vessel containing graphene film floating in
water. Upon lifting the active catalyst material 25 out of the
vessel, the graphene film adheres to the active catalyst
material 25. In an embodiment of the invention, the active
catalyst material 25 may be roughened, by sandblasting for
example, prior to coating with the graphene film to encour-
age adhesion between the graphene coating 27 and the active
catalyst material 25.

In accordance with another embodiment of the present
invention, a method of performing an electrochemical reac-
tion with the electrochemical cell described above 1s pro-
vided. The method comprises contacting the first electrode
and the second electrode with the chemical substance, 1n the
presence of the electrolyte; and applying a voltage difference
between the first and second electrodes eflective to carry out
the electrochemical reaction. As described above, the chemi-
cal substance 1s not particularly limited. In one embodiment,
the chemical substance may be an alcohol. In another
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embodiment, the chemical substance 1s urea, which under-
goes electrolytic hydrolysis to produce ammonia.

The present invention will be further appreciated 1n view
of the following examples.

EXAMPLES

Chemicals and Reagents:

The chemicals and supplies used were of high purity
(>>99.90%) and analytical grade supplied from FISHER
SCIENTIFIC. Ultra-pure water (ALFA AESAR, HPLC
grade) was used throughout the investigation.

Synthesis of Graphene Film:

Graphene film was synthesized via traditional CVD tech-
nique using sub-bituminous Wyodak coal, as demonstrated
by Vijapur et al., “Raw Coal Denived Large Area and
Transparent Graphene Films,” 2 ECS Solid State Letters
M45-M47 (2013), which 1s incorporated by reference herein
in its entirety. FIG. 2 shows an apparatus 60 and FIG. 3
shows a schematic for a graphene synthesis procedure, 1n
accordance with an embodiment of the present invention, 1n
which graphene 1s grown on copper foil. Briefly, the gra-
phene synthesis system, which contains a quartz boat with
clectrolyzed coal and a quartz boat with copper support, was
evacuated to 100 millitorr and then purged with 100 sccm
hydrogen. The quartz boat with the electrolyzed coal was
heated in the heat zone of the graphene synthesis system
using a furnace ramp to 1050° C. over 40 minutes with 600
sccm argon and 100 sccm hydrogen flow. The 1050° C.
temperature was maintained for 30 minutes, during which
time graphene growth on the copper support occurred. The
graphene-coated copper support was moved out of the
furnace while maintaiming the argon-hydrogen tlow, thereby
cooling the graphene-coated copper support under a rapid
cool down, fully cooling to room temperature over a period
of 3 hours.

The copper substrate was dissolved 1n sulfuric acid or
Marble’s Reagent, leaving the graphene film floating 1n the
reagent. A clean microscopic glass slide was used to transier
the film from the reagent to deiomized water. The film was
additionally transierred to deionized water twice more to
remove any contamination and clean the surface of the
graphene {1lm. The graphene thus prepared was 3 to 5 layers
thick and 1s capable of being lifted onto any surface,
including that of an electrode, a support material, and/or
active catalyst material.

Preparation of Graphene on Nickel and Bare Nickel Disk
Working Electrodes:

The electrochemical measurements were performed on a
rotating nickel disk (Ni disk, 0.2 cm®, ALFA AESAR,
99.98%) and multi layer graphene transierred on nickel disk
(N1-Gr) as working electrodes. The surface of the N1 disk
was roughened using a sandblaster (Crystal Mark sand-
blaster, 27.5 micron aluminum oxide powder) under dry
conditions at 60 psi, followed by sonication (Zenith Ultra-
sonic bath at 40 kHz) 1n a solution containing a 1:1 ratio of
water and acetone, for 10 minutes. The bare N1 disk elec-
trode thus prepared was rinsed with ultra pure water and
mounted on a TEFLON shaft with an exposed surface area
of 0.0706 cm”. The bare Ni disk was used as the control
clectrode for the electrochemical analyses.

After the electrochemical measurements using the bare Ni
disk electrode, the N1 disk was rinsed thoroughly waith
deionized water and acetone, and dried by a flow of argon.
The TEFLON shaft with N1 disk was then immersed 1n a
deionized water-filled petr1 dish containing the floating
graphene film. The graphene film was directly lifted on the
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N1 disk mounted on the TEFLON shatt. The electrode was
turther dried 1 an oven at 70° C. for 1 hour. The Ni-Gr
clectrode thus prepared was used further in the electro-
chemical measurements.

Preparation of Nickel Plated Glassy Electrode:

In an alternate set of experiments, a nickel plated glassy
clectrode was used. Briefly, nickel was deposited on a glassy

carbon substrate using a Watt’s bath (280 g/IL N15SO,,.6H,O,
40 g/ N1Cl,.6H,0O, and 30 g/[. H,BO,) at —-0.8 volts versus
Ag/Ag(Cl reference electrode at 45° C. to load 0.5 mg/cm”
nickel on the glassy carbon substrate over a duration of 300
seconds, which provided the nickel plated glassy electrode.
The nickel plated glassy electrode was coated with graphene
in a manner analogous to the coating of the Ni-Gr disk to
provide the graphene-coated nickel plated glassy electrode.

Electrochemical Testing:

The electrochemical tests were carried out 1n a conven-
tional three-electrode cell using a Solartron 1281 multi-
plexer potentiostat. The cell setup consists of bare N1 disk,
Ni1-Gr disk, nickel plated glassy electrode, or graphene-
coated nickel plated glassy electrode, as working electrodes,
Pt foil (2x2 cm” Sigma Aldrich, 0.05 mm thick, 99.99%)
counter electrode, and Hg/HgO reference electrode sup-
ported 1 a luggin capillary filled with the electrolyte solu-
tion used 1n the respective experiment. The tenth pseudo-
steady state voltammogram, sustained periodic state was
reported.

Results Using Bare N1 Disk and Ni-Gr Disk for Urea
Electrolysis and the Oxidation of Methanol:

FIG. 4A shows the voltammogram of Ni-Gr and N1 disk
clectrodes obtamned mn 1 M and 5 M KOH solution. The
voltammogram collected in 5 M KOH solution, for both
Ni-Gr and N1 disk electrodes illustrates an anodic and
cathodic peak 1n the forward and reverse scan, respectively.
Similar behavior 1s noticed for 1 M KOH solution. The
anodic peak 1s due to the oxidation of Ni(OH), to N1iOOH,
whereas the cathodic peak 1s due to the reduction of N1OOH
to N1(OH),, as per the following reaction.

(1)

The voltammogram obtained using Ni1-Gr electrode in 1 M
KOH and 5 M KOH solution shows a negative shiit in the
slope of the N1OOH peak when compared with the bare N1
disk electrode. Without imntending to be bound by any theory,
it 1s believed that the negative shift 1s due to the increase 1n
local pH at the electrode-clectrolyte interface due to the
strong athinity of OH™ 10ns to the graphene surface. Also, the
anodic peak current for Ni-Gr electrode 1s higher than that
of the bare N1 electrode for both 1 M KOH and 5 M KOH
solution. The formation of N1iOOH 1s a pH dependent
process and hence the local improvement in pH at the
clectrode- electrolyte interface will lead to the increase 1n the
N1OOH species formation. It 1s believed that CVD grown
tew layer graphene sheets have nanopores that allow the
selective passage of OH™ 1ons to the N1 surface, leading to
an increased 1onic conductance at the electrode-electrolyte
interface. In turn, the diffuse layer thickness of the electric
double layer (EDL) decreases due to the high accumulation
of OFF 1ons at the interface. Also, the onset potential of
N1OOH formation decreases to more negative values with
the Ni1-Gr electrode than the bare Ni electrode, indirectly
verilying the increased pH at the electrode-electrolyte inter-
face.

The variation 1n the charge associated with the anodic
N1OOH peak with various concentrations of KOH solution
1s reported 1n FIG. 4B. The N1OOH charge 1s calculated by

integrating the area under the respective N1OOH peaks. The

Ni(OH) 5 #OH™ = NiOOH , +H,O 4™
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Ni1-Gr electrode shows an average 53% increase in the
N1OOH charge relative to the bare Ni disk electrode, sug-
gesting an excess formation of N1OOH species when a
graphene layer 1s lifted onto the bare N1 disk electrode.
The voltammogram of Ni1-Gr and bare N1 disk electrodes
obtained 1n 2 M KOH and 5 M KOH solution, respectively,

1s compared in FIG. 4C. The anodic peak current (1,,) for
N1OOH obtained on the Ni-Gr electrode in 2 M KOH

solution 1s higher than that of the bare N1 disk electrode 1n
5 M KOH solution. The Ni-Gr electrode displays a 37%

increase in the anodic charge related to N1OOH formation
relative to the bare N1 disk electrode. This result suggests
that the Ni1-Gr electrode can efliciently oxidize N1{OH), to
NIOOH even at a low concentration of KOH (2 M KOH).
To further verity the ability of graphene layer to adsorb
OH™ 1ons and modity the diffuse layer 1n the EDL, similar
experiments were performed 1n K,CO, electrolyte, whieh 1S

less alkaline than KOH. The cyclic voltammogram of Ni-Gr
and N1 disk electrodes obtained in 0.1 M and 1 M K,CO, 1s

shown in FIG. 5A. The onset potential of the N1iOOH
formation reaction on N1-Gr 1s more negative than that of the
bare N1 disk electrode for both 0.1 M and 1 M K,CO,
solutions. Also, the charge under the anodic peak (N1OOH
formation) for Ni1-Gr electrode 1s higher than that of the bare
N1 disk electrode. Without intending to be bound by any
theory, 1t 1s believed that the observed voltammogram sug-
gests that the graphene layer accounts for the increased local
pH change at the electrode-electrolyte interface leading to
the augmented N1OOH formation. As previously discussed,
it 1s also believed that the nanopores of the graphene sheets
account for the selective passage of OH™ 10ns, which leads
to an increased local pH change at the EDL.

FIG. 5B shows the voltammogram obtained on Ni disk
and Ni-Gr electrodes n 1 M and 0.5 M K,CO,; solution,
respectively. The voltammogram suggests that the Ni-Gr
electrode with 0.5 M K,CO, gives comparable NiOOH
formation to the bare N1 disk electrode n 1 M K,CO,,.

Similar electrochemical analyses were performed for the
oxidation of methanol on Ni disk and Ni-Gr electrodes 1n
alkaline medium. The results are presented 1n FIGS. 6 A and
6B. The cyclic voltammogram (FIG. 6A) shows that the
Ni1-Gr electrode exhibits high electrocatalytic activity
towards the oxidation of 0.5 M methanol m 5 M KOH
solution. FIG. 6B suggests that the Ni1-Gr electrode demon-
strates higher peak current (111 mA) for the electrochemical
oxidation of 0.5 M methanol 1n 2 M KOH solution compared
to the bare N1 disk electrode (60 mA). Thus, methanol
oxidation 1s favoured at low pH in the presence of an

electrode comprising graphene on Ni.
Results Using Nickel Plated Glassy F

Electrode and Gra-
phene-Coated Nickel Plated Glassy Electrode for Urea Elec-
trolysis:

FIG. 7 shows a comparison of cyclic voltammetry results
in a SM KOH solution using: (1) a graphene-coated glassy
clectrode (without nickel); (2) a graphene-coated nickel
plated glassy electrode; and (3) a nickel plated glassy
clectrode (without graphene). A pair of redox current peaks
1s observed, which corresponds to the reversible transior-
mation between N1(1I) and Ni(Ill); the anodic peak 1s due to
the oxidation of N1{OH), to N1iOOH, whereas the cathodic
peak 1s due to the reduction of N1iOOH to Ni1(OH),, as per
the following reaction.

Ni(OH),(, +OH™ = NiOOH,,+H,0 ¢~

(1)

Higher area under the curve (charge) for the graphene-
coated nickel plated glassy electrode corresponds to high
re-generation of N1OOH, which 1s the active form of the
catalyst.
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FIG. 8 shows a comparison of cyclic voltammetry results
in a 0.5M urea and 5M KOH solution using: (1) a graphene

coated glassy electrode (without nickel), (2) a nickel plated
glassy electrode (without graphene), and (3) a graphene-
coated nickel plated glassy electrode. A strong oxidation
current starting at ca. 0.45 V was observed for both pure
nickel plated glassy electrode and graphene-coated nickel
plated glassy electrode when urea was present 1n the KOH
solution. The oxidation of urea starts at the similar potential
of the transition from Ni** to Ni’*, indicating that the Ni**
1s the active form for catalyzing the urea electro-oxidation.
Graphene alone 1s not active for the electro-oxidation of
urca. The current density observed in the graphene-coated
nickel plated electrode at 0.5 V vs. Hg/HgO 1s at least double
the current density of the pure nickel plated glassy electrode
at the same potential. The presence of graphene on the nickel
enhanced the urea oxidation current and diminished the
surface blockage peak around 0.7 V inherent to the pure
nickel plated glassy electrode.

FIG. 9 shows a comparison of potentiostatic data col-
lected using: (1) a nickel plated glassy electrode 1n 5SM
KOH; (2) a graphene-coated, nickel plated glassy electrode
in SM KOH; (3) a nickel plated glassy electrode in 5SM KOH
and 0.5M urea; and (4) a graphene-coated nickel plated
glassy electrode in 5SM KOH and 0.5M urea. The graphene-
coated nickel plated glassy electrode (4) displays a relatively
stable and higher current density, indicating a stable and
active electrocatalyst. The current density when using the
graphene-coated nickel plated electrode (4) 1s more than
twice that when using the nickel plated glassy electrode (3)
without graphene, indicating an enhanced electrocatalytic
oxidation of urea.

FIG. 10 shows the results of electrochemical impedance
spectroscopy comparing: (1) a graphene-coated nickel
plated glassy electrode; and (2) a nickel plated glassy
clectrode. Without intending to be bound by any theory, it 1s
believed that the improved electrochemical performance by
the graphene-coated nickel plated glassy electrode (1)
results from the large active surface area of graphene films,
which can promote the electron transfer of the urea oxida-
tion, coupled with the synergistic contribution of nickel and
graphene sheets. It 1s also believed that the graphene acts as
a diffusion control layer which enhances the diffusion of
OH™ (1n case of alkaline chemistry, increasing localized pH)
and H™ (1n chase of acidic chemistry, decreasing localized
pH). This increases the formation of the active catalyst
which then enhances the chemical reaction. It 1s presumed
that electrons tlow through the graphene layer connected to
the active catalyst, enhancing the chemical reaction. It 1s
turther believed that surface blockage on the surface of the
active catalyst 1s prevented by the diffusion control layer
caused by the graphene. For example, in urea electrolysis the
graphene 1s believed to 1solate CO, from the N1OOH,
preventing surface blockage.

Corrosion Resistance During Ammonia Production
Example

Diesel exhaust fluid (DEF, 32.5% high-punity urea (AUS
32) and 67.5% deionized water) 100 ml in the presence of
0.5 M K,CO, was made and transferred to a 100 ml beaker.
To maintain the volume of solution constant, DEF was
periodically added to compensate for evaporation losses.
Graphene coated nickel electrodes were fabricated as fol-
low: 2 cmx2 cm graphene was lifted on a sandblasted Ni foil
surface used for both cathode and anode for experiment. The
portion of the N1 foil electrodes not covered by the graphene
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was masked with tape. During the electrolytic hydrolysis of
urea to ammonia experiment, the solution was kept at 80° C.,
and the pH of the solution was measured as a function of
time. A cell voltage of 1.55 V was applied to the cathode and
anode, and the potential was switched every 2 seconds.
Every 40 minutes, a 0.5 mL sample of the solution was
taken, diluted to 100 ml, and analyzed for ammonia and
nickel. The concentration of ammonia was measured using
ammonia 1on selective electrode. The ammonia evaporated
from the beaker 1s not counted 1n the material balance. The
concentration ol N1 was measured using Atom Absorption
Spectroscopy (AAS). After 4 hours experiment, the beaker
was removed from heat source and cooled down to room
temperature, then the pH value was measured. The four-hour
clectrolysis experiment was performed each day for 3 days.
Comparative experiments utilized a graphene-coated Ni foil
clectrode, without sand-blasting surface preparation, and an
uncoated nickel foil electrode.

Over the course of the three-day experiment, the pH of the
reaction solution decreased from about 12 to about 10. For
the non-sandblasted graphene coated N1 foil electrode, some
delamination was observed with concomitant corrosion of
the nickel catalyst under the relatively lower pH conditions.
The sandblasted graphene coated Ni foil electrode main-
tamned its integrity over the three-day experiment and the
graphene coating provided protection against corrosion.
Similarly, the nickel concentration measurements showed
that about 4 times as much nickel dissolution occurred in the
delaminated electrode.

Remarkably, in comparison to urea to ammonia experi-
ment using a nickel foil electrode (DEF with 1 M K,CO, at
70° C.), the graphene coated nickel foil electrode (DEF with
0.5 M K,CO, at 80° C.) demonstrated a significantly higher
rate of conversion of the urea to ammonia, for example, in
the first hour the concentration of ammonia 1n the electrolyte
1s about 3 times higher in the graphene coated nickel
clectrode that in the nickel foil electrode.

While the present invention was 1llustrated by the descrip-
tion of one or more embodiments thereof, and while the
embodiments have been described i1n considerable detail,
they are not intended to restrict or in any way limait the scope
of the appended claims to such detail. For example, the
graphene-coated active catalyst materials may be used 1n
many other applications, such as sensors, fuel cells, elec-
trolyzers, batteries, capacitors, hydrolysis, etc. Additional
advantages and modifications will readily appear to those
skilled 1n the art. The mvention in 1ts broader aspects 1s
therefore not limited to the specific details, representative
product and method, and illustrative examples shown and
described. Accordingly, departures may be made from such
details without departing from the scope of the general
inventive concept embraced by the following claims.

What 1s claimed 1s:

1. An electrochemical cell comprising:

a first electrode comprising a layer of an active catalyst
material, and graphene coating at least partially cover-
ing the layer of the active catalyst matenal;

a second electrode comprising a conductor;

an electrolyte medium 1n electrolytic communication with
the first and second electrodes;

a chemical substance capable of undergoing an electro-
chemical reaction; and

a voltage source 1n electrolytic commumication with the
first and second electrodes.

2. The electrochemical cell of claim 1, wherein the first

clectrode further comprises a support material selected from
the group consisting of platinum mesh, platinum foil, gold
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mesh, gold foil, tantalum mesh, tantalum foil, platinum
sponge, iridium sponge, a carbon support mtegrated with a
conductive metal, N1 foil, T1 foi1l, graphite, carbon fiber,
carbon paper, glassy carbon, carbon nanofiber, and carbon
nanotube.

3. The electrochemical cell of claim 1, wherein the active
catalyst material comprises a member selected from the
group consisting of platinum, iridium, rhodium, rubidium,
ruthentum, rhenium, palladium, gold, silver, nickel, 1ron,
cobalt, copper, zinc, chromium, tantalum, gallium, cad-
mium, imndium, thallium, tin, lead, bismuth, silver, mercury,
niobium, vanadium, manganese, aluminum, arsenic, sele-
nium, antimony, titanium, tungsten, Raney metal, carbon
steel, stainless steel, graphite, and mixtures and alloys
thereofl.

4. The electrochemical cell of claim 1, wherein the
graphene coating comprises a graphene film prepared by
chemical vapor deposition of electrolyzed coal.
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